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The enormous potential of electrospun polymer fibers allows for their development in the field of biomaterials
for tissue engineering and wound healing. Electrospun fibers based on biodegradable polymers such as poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are an ideal material for the production of a biocompatible cell
scaffold supporting wound closure and skin regeneration. The aim of this research was to create a fibrous PHBV
scaffold supporting the 3D environment for anchoring and proliferation of keratinocytes. Moreover, hyaluronic

acid (HA) has been used as a coating on PHBV fibers to improve the wound closure processes. ATR-FTIR results
indicated the presence of HA in the PHBV scaffolds and UV-Vis analysis confirmed the release of HA from the
fibers over 24h test. Importantly, this release of HA increase keratinocyte activity as well their proliferation
leading to accelerated wound closure rate in the scratch tests. The designed HA-coated PHBV scaffolds
demonstrate the great potential of surface-modified electrospun polymer fibers for wound healing.

1. Introduction

The skin, as a multilayered tissue, plays an extremely important role
in protecting the body against the harmful effects of pathogens and other
external thermal or physical factors [1,2]. Moreover, it reduces trans-
epidermal water loss and maintains skin homeostasis through kerati-
nocyte differentiation, migration and stratum corneum formation [3,4].
All these aspects prompt research to improve and accelerate the process
of wound healing, concerning parameters related with wound depth,
type, stage and nature of tissue damage [1,5]. The entire physiology of
wound closure covers as many as 24 stages of cellular changes occurring
during the hemostasis, inflammatory, cell proliferation and maturation
[6,7]. Therefore, it is extremely important to improve the quality of
wound healing by developing a material supporting skin tissue regen-
eration. An ideal wound scaffold should ensure an adequate level of gas
exchange and skin hydration, remove excess exudate, provide me-
chanical protection and thermal insulation, be non-toxic, non-allergic,
do not adhere to the wound, minimize scarring and have antibacterial
properties [2,8,9]. Research on dressings for wound treatment is still
carried out, but so far it has not been possible to design a dressing that
reflects the natural skin tissue. The classical approach of tissue
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reconstruction is based on tissue repair with support of the cellular
scaffold [10,11]. Morphology, topography or surface chemistry of
scaffolds can influence the behavior of cells and thus the process of
rebuilding the entire tissue [12,13]. The scaffolds provide temporary
support for the cells, but atrophy when cells begin to produce their own
extracellular matrix (ECM), therefore its degradation should allow suf-
ficient time to form new tissue [6,14]. Indeed, biodegradability is to
avoid inflammation associated with the prolonged presence of a foreign
material in the body [15,16]. Cell migration and proliferation, gas ex-
change and nutrient transport depend mostly on the porosity and pore
size of the scaffold. In wound healing, it is essential to promote the
adhesion and growth of skin cells (fibroblasts) and epidermis (kerati-
nocytes) and provide structures for local administration of therapeutic
agents released to the wound area speeding up regeneration processes.

The scaffolds are in the form of porous sponges or fibrous meshes
[11,17], often based on electrospun fibers as they are able to biomimic
ECM [18,19]. Especially beneficial is high surface to volume ratio that in
case of drug delivery systems allows encapsulation or adsorption of
active compounds promoting healing process [20] and allowing to
incorporate them as biosensors [21]. Biodegradable polymers are widely
studied to  create  fibrous  scaffolds  especially  poly
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(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which is thermo-
plastic, aliphatic polyester of the polyhydroxyalkanoate (PHA) group [5,
15]. The advantage of PHBYV is that it minimizes the risk of inflammatory
reactions in tissues, as its degradation products are components of
human blood [22,23]. Overall, PHBV has been extensively researched
for applications in skin tissue engineering as a promising material pro-
moting skin regeneration [5,6]. Our previous studies showed a satis-
factory cellular response of osteoblasts and fibroblasts [24] in contact
with PHBV fibers. The mechanical properties of PHBV membranes
indicated a generally weak mechanical performance and rather brittle
behavior [25,26] but PHBV is resistant to hydrolytic degradation and
requires enzymes that can break down the polymer into hydroxy acids
blocks [15,27]. However, in this study we investigated PHBV scaffolds
for skin regeneration with surface of fibers modification with hyaluronic
acid (HA) to achieve effective and faster wound healing process. HA is a
linear polyanionic polysaccharide that occurs naturally in all living or-
ganisms, maintains the appropriate level of tissue hydration [28,29].
Similarly, to PHBV, HA is non-toxic, does not cause allergic or inflam-
matory reactions in the body and is commonly used in medical products
[28,30]. HA is widely used as hydrogels, cell culture scaffolds, as well as
physicochemical drug carriers [31]. It has been proven to reduce ner-
vous sensitivity, so it can be used as a natural pain killer [29,32] and also
wound healing aid [28,33]. Therefore, the aim of this research study was
to demonstrate the effect of prolongated HA release from 3D electrospun
PHBV scaffolds in supporting the wound closure process and in
providing an appropriate environment for the migration and growth of
keratinocytes.

2. Materials and methods
2.1. Electrospinning and coatings

PHBV (M,, = 450,000 g mol ™!, Helian Polymers, The Netherlands)
was dissolved in chloroform and N,N-dimethylformamide (DMF) solu-
tion (volume ratio 9:1) to produce smooth fibers, and to obtain porous
fibers, dimethyl sulfoxide (DMSO) was added in a volume ratio 8:1:1
(chloroform: DMF: DMSO, all solvents from POCH, Poland). Both of
them were prepared to obtain 8 wt% solutions, which were stirred for 4h
with a constant speed of 1000 rpm and temperature T = 48 °C.

PHBYV fibers were electrospun using the electrospinning equipment
EC-DIG with the climate system (IME Technologies, The Netherlands) at
T = 25 °C, RH = 40% for smooth and RH = 70% for porous fibers. The
positive voltage of 17 kV was applied to the stainless needle (0.5 and 0.8
mm of inner and outer diameter, respectively), which was kept at a
distance of 20 c¢m to the grounded collector and the polymer solution
flow rate was 0.1 ml min~'. All fibers were randomly deposited.

As received electrospun PHBV samples were immersed in the HA
(Hyaluronic acid sodium salt from Streptococcus equi, My, = ~1.5-1.8 x
10° kDa, Sigma Aldrich, UK) solution (2.5 mg/1 ml deionized water) and
were shaken overnight (25 °C, 100 rpm, Shaker IKA KS 3000 IC Control,
Germany). Next day, coated fibrous membranes were gently washed
using deionized water and dried overnight at T = 30 °C in the oven
(Memmert SNB300, Germany). For further studies 4 types of samples
were used: unmodified electrospun smooth and porous fibers named as
sPHBV and pPHBYV, respectively and coated samples named as sPHBV +
HA and pPHBV + HA.

2.2. Morphology and wettability of PHBV scaffolds

All samples were coated with 8 nm Au layer using the rotary pump
sputter coater (Q150RS, Quorum Technologies, UK). SEM micrographs
were performed using Phenom ProX G6 Desktop SEM (Thermo Scien-
tific, Waltham, MA, USA) at the accelerated voltage of U = 10 kV (fiber
samples) and SEM (Merlin Gemini II, Zeiss, Germany), at the accelerated
voltage of U = 3 kV (fibers with fixed and dehydrated cells). Fiber di-
ameters (Df) and pore diameter on fibers were measured using ImageJ
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(ver. 1.53c, USA) from SEM micrographs, based on 100 measurements
for each sample. The average values were calculated with the standard
deviations and results were additionally presented in form of
histograms.

The wettability of PHBV scaffolds were analyzed by static contact
angle method by applying 3 pl droplets of deionized water (DI water,
Spring 5 UV purification system, Hydrolab, Straszyn, Poland) at T =
24 °C and RH = 38%. The images of 10 droplets were taken within 4 s
from the deposition using Canon EOS 700D camera with EF-S 60 mm f/
2.8 Macro USM zoom lens. The contact angles were measured using
ImageJ (ver. 1.53c, USA) and the average values were calculated from
20 measurements with the standard deviations.

2.3. Chemical characterization of PHBYV fibers and HA release

The functional groups of PHBV and HA in fibrous mats were recorded
on Nicolet iS5 FT-IR spectrophotometer (Thermo Scientific, Waltham,
MA, USA), by ATR technique using the diamond crystal. During mea-
surements, the spectra were 64 repeated over the wavenumber range
500-4000 cm !, with resolution 4 cm™!. Reference samples were PHBV
fibers and HA powder, separately.

HA-coated PHBYV fibers and 2 ml of distilled water were added to the
24-well plate and incubated in a shaker (25 °C, 150 rpm). The released
acid was collected from the samples in four repetitions at time points (1,
2, 4, 8, 12 and 24h) and examined with a UV-Vis spectrophotometer
(UV/VIS Excellence UV7, Mettler Toledo, Columbus, OH, USA). HA was
detected by spectrophotometric measurement in an ultraviolet (UV)
absorption spectrum at 190-280 nm against a blank containing deion-
ized water. HA content in the released supernatant was calculated from
the dilution curve.

2.4. Invitro studies - cell morphology and proliferation assay

In vitro studies have been carried out on human immortalized kera-
tinocytes (HaCaT cell line) [34]. This cell line has, similarly to normal
human epidermal keratinocytes (NHEK), high differentiation potential,
which is mostly attributed to constitutive and induced expression of
keratins and other differentiation markers. Thus, HaCaT cells are widely
used to model skin keratinocytes, as a good alternative to NHEK [35]. All
PHBV scaffolds were sterilized with UV light before cell culture. The
culture was conducted up to 7 days using Dulbecco’s Modified Eagle
Medium (DMEM, Biological Industries, US) supplemented with 10%
addition of fetal bovine serum (FBS), 2% antibiotics (penicillin and
streptomycin), 1% amino acids and 1% tr-glutamine (all from Biological
Industries, US). The culture was grown under standard conditions in
37 °C, 90% humidity and 5% of CO- in the incubator (INCO 108 med,
Memmert, Germany). The condition of the cells was checked after 1, 3
and 7 days. For the proliferation test and assessment of cell morphology
the seeding concentration was 2 x 10 cells per well.

Cells were fixed in 4% paraformaldehyde solution (Sigma Aldrich,
UK) for 15 min at 23 °C. Next, cells were permeabilized with 0.1% Triton
X-100 in PBS for 10 min and then incubated in blocking solution (3% of
BSA in PBS) for 60 min, both at 23 °C. For staining actin filaments, cells
were incubated for 60 min at 23 °C with Alexa Fluor™ 488 Phalloidin
(Thermo Fisher, USA). Nuclear DNA was stained with DAPI (Millipore,
Germany) for 30 min at 23 °C.

A confocal microscope (Zeiss LSM 900 Airyscan2 with ZEN 3.1
software, Germany) was used for imaging fixed cells using a lens Plan-
Apochromat 40 x /1.3 Oil DIC (UV), with the following imaging pa-
rameters: excitation 405 nm and emission detection bands 410-570 nm
for DAPI and excitation 488 nm and emission detection bands 500-550
nm for Alexa Fluor™ 488 coupled with Phalloidin. Images were pro-
cessed using ImageJ software (1.53v, USA). The z-stacks were recorded
with the 1.5 pm step.

Cell proliferation was evaluated using CellTiter-Blue® Assay
(Promega, US) after 1, 3 and 7 days of cell incubation. The results of the
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study were correlated with two control samples, i.e. tissue culture
polystyrene plate (TCPS) and the other, the same TCPS well in which the
cells were grown, but with 200 pl of HA addition to the culture medium.
A double control sample made it possible to test whether even directly
added an amount of HA would affect the cell culture. On each test day,
the medium was replaced with 400 pm of fresh medium and 80 pm of
CellTiter-Blue® reagent, and incubated for 4h in 37 °C. From each well,
100 pm of supernatant was transferred to a 96-well plate in quadrupli-
cate and fluorescence was read at 560/590 nm using a GloMax®
Discover System microplate reader (Promega, US). The value of prolif-
eration is expressed as a percentage according to the formula below:

(Sx - S camml)

x 100%
(Si00% — S conrol) ’

Cell viability (%) =

where Sy is the fluorescence of the sample, S control is the fluorescence of
the medium and S;ggo is the fluorescence of 100% reduced dye.

2.5. In vitro wound healing assay - scratch test

In vitro wound healing assay was performed using HaCaT cell line to
evaluate the effect of HA release from PHBV fibrous samples on cell
migration. Keratinocytes were seeded in 24-well cell culture plates at
concentration of 8 x 10* cell per well and incubated in 37 °C, 90%
humidity and 5% of CO5 for 48h in INCO 108med (Memmert, Germany).
Then, a vertical scratch was made using 200 mL sterile pipet tip in the
middle of each well through the monolayer of cells. Next, the medium in
all the wells was replaced and the sterilized fibrous samples were placed
over the scratched area without the cell surface touch, as was shown in
Fig. 1. In this study, 2 cell controls were also performed, similarly to
proliferation studies i.e. TCPS and TCPS well with 200 pl of HA addition
to the culture medium. Wound closure was observed at 0, 2, 4, 8, 12 and
24h from the time of scratch formation. Imaging was performed using an
inverted optical microscope (Leica DMil, Leica Microsystems, Germany)
with an objective lens (Leica N-Plan, 5 x /0.12PHO, Leica Microsystems,
Germany). Images were analyzed using Leica LAS X software. The
scratch length for all samples was the same and amounted to 1.66 mm in
the tested area. Wound closure rate was quantified by measuring the gap
between the boundaries of a cell-free scratch and was calculated from
the following formula:

(Ao — A)

Wound closure rate (%) = x 100%

where Ag is the wound area at Oh and A; is the wound area at the
appropriate time point.

HaCaT cells

scratch

~100% confluency
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2.6. Statistical analysis

Analysis of variance (one-way ANOVA followed by Tukey’s post-hoc
test) was used to determine the level of significance between the PHBV
samples, the statistical significance was evaluated at p < 0.05 for cell
viability and p < 0.01 for wound closure rate. The statistical analysis
was performed in Origin (ver. 2019b, USA).

3. Results and discussion
3.1. Morphology and wettability of scaffolds

We manufactured two types of scaffolds with smooth and porous
electrospun PHBV fibers, see Fig. 2. The porosity in the fibers was ob-
tained by adding DMSO in a mixture of solvents and increasing the
humidity in the electrospinning chamber to 70% [20]. In addition, the
increase in humidity in the electrospinning chamber contributed to
vapor-induced phase separation (VIPS). When, the polymer solution is
exposed to a water vapor, phase separation occurs in the polymer so-
lution as a result of the diffusion of the gas phase with the surface of the
solution. Thus, the increase of humidity during electrospinning of PHBV
cause the pore formation on produced fibers [36,37]. The average
diameter of the smooth fibers was 2.24 + 0.29 pm, compared to 2.79 +
0.32 pm of porous fibers, see Table 1. The increased diameter of porous
fibers comes from increased humidity and the addition of DMSO, which
reduced the rate of evaporation of solvent from the polymer jet [38]. The
adsorption of HA into sPHBV fiber have not changed their morphology,
the fibers still had a smooth surface, and their average diameter
increased (2.33 + 0.22 pm), but not exceeding the standard deviation.
Similarly, the morphology and surface porosity of fibers were not
affected by adsorbed HA, but slight increase of fiber diameter reaching
2.88 + 0.29 pm for pPHBV + HA sample was observed. Previous studies
confirm that the average values of PHBV electrospun fibers with similar
electrospinning parameters are on average 2-3 pm [24,39,40]. How-
ever, much larger differences may result from changes in the concen-
tration of the polymeric solution [41,42], the applied voltage [41,43], or
the distance from the collector [41,44]. Both the diameter and the sur-
face morphology of the fibers did not change significantly in the case of
the HA coatings. On the other hand, in the SEM micrographs (Fig. 2D
and E), residual HA in the form of films between the fibers is visible.

The wetting properties of the smooth and porous PHBV fibers
showed the hydrophobic nature of the surface, and their contact angle
was 121.72 + 4.14° and 116.30 + 4.35°, respectively, for sSPHBV and
pPHBV (Table 1). The images of the water droplet on the PHBV mem-
branes are presented in Fig. S1 in the Supplementary materials. On the
other hand, the contact angle for the HA-coated fibers showed a

Top view

Side view

sample holder

PHBV fibers

/mw keratinocytes

Fig. 1. Schematic illustration of scratch tests performed to verify the effect of using HA coating in PHBV scaffolds.
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Fig. 2. SEM micrographs of the smooth (A, D) and porous PHBV fibers (B, E) and before (A, B) and after (D, E) HA coating, for all SEM images scale bar = 5 pm.
Histograms of PHBV fiber diameter distribution before (C) and after (D) HA coating.

Table 1
The average diameters of PHBV electrospun fibers and the average water contact
angles on PHBV mats.

sPHBV sPHBV + pPHBV pPHBV +
HA HA
Average fiber 2.24+0.29 233+ 279+ 032 288+
diameter (pm) 0.22 0.29
Water contact angle 121.72 + 50.05 + 116.30 + 42.26 +
©) 4.14 2.49 4.35 2.53

significant change in wettability [45], to the hydrophilic character of the
material. A slight decrease in the contact angle between smooth and
porous PHBYV fibers indicates a negligible effect of fibers porosity on the
wetting of scaffolds. The decrease in the contact angle is often related to
the surface roughness [46-48]. However, HA is highly hydrophilic and it
is an excellent water adsorber [49-51]. Therefore, the coating of PHBV
fibers with HA, changed their wetting profile to hydrophilic thus the
lower contact angles are observed. However, for porous PHBV fibers the
average surface pore size was 196.00 + 99.21 nm, which fail to increase
the roughness enough to change the wettability of scaffolds. Impor-
tantly, the HA coating does not block the pores in the fibers and scaf-
folds, as presented in Fig. 2.

3.2. Chemical characterization of PHBYV fibers and hyaluronic acid
release

Chemical analysis of electrospun fibers and HA was performed to
confirm the presence of components and the complex of HA coated
PHBV fibers. Fig. 3A presents the entire FTIR spectrum and the zoom
region (Fig. 3B). The spectrum for PHBV fibers, both porous and smooth,
shows the most intense absorption peak at about 1719 cm ™, it is related
to the C=O0 stretching vibration [26,40,52]. The characteristic absorp-
tion bands for PHBV related to the stretching vibrations of the C-H
groups were observed in the area of 824-977 cm ™! and at 1228, 1260,
1275 and 2977 em ™, while the bending vibrations of the C-H groups

were detected at 1377 and 1451 cm™! [26,40,52]. Moreover, stretching
bands of the C-O groups were noticed at 1053, 1097, 1128, and 1178
em !, A band indicative of the -CH,— groups was indicated at 2931
em! [26,40,52]. A broad band was observed for HA at 3660-3015
em™!, which is related to the stretching vibrations of the OH- and NH-
groups [50,53]. An additional wide peak from the amides groups in HA
is detected at the region 1700-1505 cm ™! and the stretching vibration of
the a-glucopyranose structure (C-O—C groups) at 1020 cm ™' [54]. In the
case of the coated PHBYV fibers, there are visible bands from both HA, as
the characteristic peaks at 1720 cm ™! of carbonyl groups and the —CHa—
groups at 2930 cm ' were spotted. The increasing absorbance on
modified electrospun fibers spectrum are detected at characteristic HA
ranges from OH- and NH- groups and amides groups, proving the
presence of both compounds in the scaffolds.

Cumulative HA release profile from coated electrospun PHBV fibers
are presented in Fig. 3C. Both modified fibers showed burst release
approximately 60% during first hour of the test. An increase of the
release is observed up to 4h. Then, the release profiles of HA were sta-
bilized and achieve the cumulative release levels around 85% over 24h
test. Similarly, HA release from coated electrospun poly(D,L-lactide)
nanofibers in deionized water measured by Robertson et al. confirm the
increased HA release during the first 5 h [50]. In case of PHBV the
porosity of fibers allowed to incorporate and release slightly more HA, as
it is indicted by the chemical analysis presented in Fig. 3.

3.3. Cell morphology and viability assay

In Fig. 4, the representative confocal images on different height from
one field of selected planes show keratinocytes growth on the PHBV
fibers after 7 days of cell incubation. Additionally, the confocal images
of keratinocytes on PHBYV fibers after 3 days of cell culture are included
in Fig. S2 in the Supplementary materials. The stained actin enables to
visualize the internal architecture of the cytoskeleton and the shape of
cells growing on the samples. Importantly, the migration of cells after 7
days of incubation is very high. Keratinocytes growing on sPHBYV fibers
(Fig. 4A) formed a large agglomerate of cells, covering almost entire
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Fig. 3. The ATR-FTIR spectra of HA, smooth and porous PHBV fibers before
and after HA coatings (A) and zoom for 4000-2500 cm ™! wavenumber region
(B). Cumulative release profiles of HA from smooth and porous PHBV fibers
over 24h (C).

scaffold. In the case of cells growing on coated sPHBV fibers, the actin
cytoskeleton surrounding the polymer fibers is visible (Fig. 4B, Z = 0
pm). Deeper inside the sample structure, more and more cells are visible
in the field of view, which indicates a large spread of cell colonies.
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Similar behavior was observed on porous PHBV samples. Keratinocytes
formed large clusters on the pPHBYV fibers throughout the scaffold cross-
section (Fig. 4C), while on the coated pPHBV fibers, in the lowest
imaged plane (Fig. 4B and D, Z = 0 pm), actin elongations on the fibers
are visible. The obtained confocal images for all samples designate no
significant differences in cell morphology between them.

Similar behavior of keratinocytes was observed on SEM micrographs
in Fig. 5A-D after 7 days of cell culture. Images after 3 days of cell
cultivation are included in Fig. S3 in the Supplementary materials. After
7 days in culture, the cells grow densely, and their elongation and
migration are supported by the PHBV fiber network, which allows them
to grow deeper into the scaffold structure. The random arrangement of
the electrospun fibers indicates that cells migrate not only on top of
them, but also deep down in the scaffolds. Importantly, cells are
expanding in all possible directions, as long as the pore size allows them
to migrate inside the 3D scaffolds [39,55,56]. Keratinocytes studies on
the fibrous scaffold shows that cells can grow easily between the fibers
as keratinocytes are relatively small cells in comparison to other types
such as fibroblasts [57,58]. In Fig. 5A-D, the morphology of the formed
cell clusters on PHBV fibers is a proof of high biocompatibility and
indicating their growth and expansion [59]. We observed from both
confocal and SEM imaging that proliferating keratinocytes are closely
packed forming compact layer towards restoration of the skin protec-
tion. The PHBV scaffold structure facilitates cells overlapping to a depth
of several micrometers allowing them to form a tight tissue.

Cell viability was determined with the CellTiter-Blue® Assay and the
results show excellent cell proliferation, confirming the biocompatibility
of all types of PHBV scaffolds (Fig. 5E). The results of the study were
correlated with two control samples, which allows to check the direct
effect of HA on the cell culture. The viability assay results presented a
similar percentage of cell proliferation for all PHBV samples and con-
trols on the 1% day of the experiment of approximately 15-20%. PHBV
scaffolds after 1 day of cultivation showed statistically significant dif-
ferences especially between control samples. On the 3™ day of culture,
the proliferation of keratinocytes on unmodified and coated fibers was
over 30%, with higher values for samples containing HA, while the TCPS
controls were over 50%. However, on day 7, all samples reached cell
proliferation over 90%. In vitro studies using keratinocytes confirm great
proliferation on the PHBV scaffolds as well as other poly-
hydroxyalkanoate polymers [6,18]. Previous studies have shown that
nanofiber membranes or nanoporous scaffolds support the proliferation
of keratinocytes, due to increased adhesion of keratinocytes to the
substrate [6,60]. The presented here research results prove that kerati-
nocytes willingly proliferate also on microfibers, creating clusters and
colonies of cells inside the porous scaffold between fibers. Additionally,
almost 100% cell proliferation within 7 days of culture is unquestionable
proof that both unmodified and HA-coated PHBV fibers are highly
biocompatible and promote keratinocytes proliferation.

3.4. In vitro wound healing assay - scratch test

The effect of the HA release from PHBV scaffolds on the wound
healing activity was investigated by an in vitro scratch test. The wound
closure steps present the areas of wound healing, see Fig. 6 and Fig. 54 in
Supplementary materials. After 2h from creating the scratch, the wound
decreased by approximately 10%, which is visible as high cell numbers
at the periphery of the scratch. Cells migrate and multiply along both
scar edges of the created wound over time. Wound closure progressed
over time; after 8h it was closed to 30% for TCPS and pPHBV + HA. In
the case of the TCPS control with the HA additive in the medium, it was
closed even more than 40%. After 12h, higher differences between the
samples with and without the addition of HA was observed. It resulted in
the wound closure rate 10% faster for HA coated PHBV scaffolds than
pristine PHBV. After 24h, both TCPS with HA and PHBV fibers coated
with HA showed complete closure of the wound, proving the acceler-
ating effect of HA in wound healing process. The differences between
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Fig. 4. Z-stacks (3 selected planes) of CLSM images of keratinocytes on unmodified PHBV fibers (A — smooth, C — porous) and coated with HA (B — smooth, D —
porous) after 7 days of cell incubation. The nucleus was stained with DAPI (blue) and the actin fibers with Alexa Fluor™ 488 Phalloidin (green), for all images scale
bar = 20 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

smooth and porous PHBV fibers were negligible, however the increase of
scratch shrinkage rate between the pristine PHBV fibers and coated with
HA is directly corelated with HA release into the cell culture medium. It
may suggest that obtained small porosity of PHBV fibers did not incor-
porate more HA and increased the release of HA during the scratch tests.
It was confirmed with the HA release test presented in Fig. 3C. The
cumulative amount of HA released confirms that approximately 80% of
the HA is released from the coated PHBV scaffolds within 4h. We started
to observe a stable level of HA release after 4h but wound closure rate
speeds up after 8h, as it is presented in the chart showing the results from
the scratch test in Fig. 6G.

Wound healing is a multi-phase and multi-stage process influenced
by many external factors [61]. The process of cell migration to promote
wound closure is critical in skin tissue regeneration and restoring its
protective function. It has been proved that nanoparticles incorporated
in fibers [55] or essential oils [61,62] improve the cell migration and
increase the antibacterial activity. PHBV membranes containing cerium
oxide nanoparticles have great potential as a wound dressing to enhance
vascularization, and to aid diabetic wound healing [55]. In addition,
studies of PHBV nanofiber dressings containing curcumin have shown
that the use of a natural additive, curcumin, increased cell proliferation
and may support the wound healing process [5]. Moreover, the exten-
sive research has been conducted to evaluate PHBV and polydioxanone
(PDX) electrospun scaffolds, which can biomimic the piezoelectric
properties of biological tissues to promote their regeneration [63].
Physicochemical and piezoelectric properties supported stimulation,
migration and proliferation of fibroblasts, reduced wound contraction
and macrophage-induced inflammation, increased keratinocyte prolif-
eration, and an overall balance between phenotypes of endothelial cells.
In vivo studies confirmed that the wound healing was accelerated, as
well as the reduction of fibrosis and scarring of the wound [63]. How-
ever, the previous studies lack combining electrospun PHBV fibers with

HA, which we show here as a very effective fusion supporting wound
closure. Importantly, HA offers numerous advantages in topical delivery
for the treatment of skin conditions over systemic therapies. These assets
include easy access to the skin, patients are more susceptible to local
drug delivery, and also avoid hepatic metabolism [28]. HA can stimulate
pro-inflammatory mediators, inhibiting the migration of leukocytes and
macrophages [29,30,51]. It is applied in the treatment of arthritis as
well as tissue repair, especially wound healing [30,33,51]. Moreover,
HA is naturally present in high concentrations in the skin and soft
connective tissues, therefore the use of HA is a suitable choice for sup-
porting skin regeneration and augmentation [29]. It has been proven
that HA as the main component of ECM, filling connective tissue, per-
forms numerous biological functions related to the processes of angio-
genesis, and inflammation, and can also be used as filling, in particular
of cartilage tissue [31,64]. Also, the recent studies of injecting hydrogels
into the sites of cartilage tissue have shown great potential for tissue
regeneration [65]. Besides, the photopolymerizable HA hydrogels have
been extensively studied in the regeneration of cartilage tissue by
encapsulating various stem cells, which also affects the production of
new tissue stem cells [31,66]. Hyaluronan as part of the ECM forms the
basis for the organization of proteoglycans and forms connections with
collagen, fibrin and other matrix molecules. In wound healing, the
response to tissue damage involves the formation of a temporary matrix
rich in hyaluronan and fibrin, which promotes the proliferation of fi-
broblasts and endothelial cells at the wound site, followed by the for-
mation of granulation tissue. The hydrophilic nature of hyaluronan
creates an environment that allows cells to migrate to the rebuilt tissue
sites, while its antioxidant properties protect cells and ECM molecules
against free radicals and proteolytic damage. This entire process medi-
ates the healing of wounds, especially acute and chronic wounds [67].
Moreover, it has been proven that HA binds to a key transmembrane
protein which role in the skin formation [68]. HA is also a regulator of
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Fig. 5. SEM micrographs showing keratinocytes growth on unmodified PHBV fibers (A — smooth, C — porous) and coated with HA (B — smooth, D — porous) after 7
days of cell incubation. For all images scale bar = 10 pm. Cell viability based on CellTiter-Blue® (E). *statistical significance was evaluated at p < 0.05, using one-way
ANOVA followed by Tukey’s post-hoc test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cell behavior and has a significant impact on the processes of cell
migration and proliferation. The presence of HA affects the local hy-
dration of tissues and weakens the anchoring of cells in ECM, which
facilitates their detachment, and thus their migration and cell division
[49,67,69]. Moreover, HA binds to cells with surface receptors, e.g.
CD44 and Receptor for HyaluronAn Mediated Motility (RHAMM), which

can bind to protein kinases responsible for cell movement. CD44 is the
main cell surface receptor for hyaluronan, the cellular interaction of
which is related to cell adhesion and migration, their proliferation and
activation, as well as the capture and degradation of hyaluronan.
RHAMM is responsible for the locomotion of cells [54,67,69].
Therefore, HA is able to enhance cell proliferation and the results
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Fig. 6. Optical microscope images of wounded areas at Oh and after 24h of incubation (A-F), for all images scale bar = 500 pm. Wound closure rate at the time points
(G), *statistical significance was evaluated at p < 0.01, using one-way ANOVA followed by Tukey’s post-hoc test.

from in vitro scratch tests confirm that PHBV fibers with HA coating
promote cell migration and wound healing. Previous studies focusing on
the wound closure process were carried out only after 20 [55] or 6 and
24h [61]. Our research aimed at showing precisely the different stages of
wound closure including 2, 4, 8, 12 and 24h steps. The intermediate
scratch test times were used to evaluate wound closure, while clearly
demonstrating that after just 12h the addition of HA accelerated wound
closure. It allows us to corelate the standard release UV-Vis tests for HA
from the 3D scaffolds to the effect of wound closer rate. Interestingly the
delay in HA release does not show the wound closer rate reaching the
same level as it happens in the control samples TCPS + HA. Keeping in
mind that biodegradable PHBV fibers biomimic the natural 3D envi-
ronment for cells, we created a unique system delivering HA and having
a great potential in efficient wound healing.

4. Conclusions

Skin wound closer is still one of the major problems in regenerative
medicine. In this study, we have shown that PHBV electrospun fibers can
be effective in promoting keratinocyte proliferation. The epidermal cells
satisfactorily migrated deep into the scaffolds, creating the 3D clusters of
cells throughout the network of electrospun fibers. We successfully
coated PHBV fibers with HA using the adsorption process. ATR-FTIR
results indicated HA presence on PHBV fibers and the UV-Vis analysis
confirmed the release of HA from the fibers over 24h. The delay of 4h HA
release from scaffolds does not delay the wound closure rate. Moreover,
the random electrospun fibers allowed for a natural reflection of the
ECM structure, while HA influenced also biological factors such as

increasing the proliferation and migration of keratinocytes. We provided
the combination of 3D environment and HA release to increased
significantly the wound closure rate. This research highlights the great
need to support wound healing and the importance of cell-material in-
teractions in this complex regeneration process. The designed tissue
scaffold based on HA-coated PHBV fibers demonstrates the enormous
potential of surface-modified electrospun polymer fibers for wound
healing. The further studies will include the cytotoxicity and in vivo
tests.
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